Introduction {#s0005}
============

Genomic instability is a hallmark of cancer that drives tumorigenesis and progression [@b0005]. Specifically, in familial cancers, mutations in the BRCA1 and BRCA2 tumor suppressor genes, or in genes essential for homologous recombination (HR), have been associated with an increased risk of breast or ovarian cancer development [@b0010]. Mutations in BRCA1 or BRCA2 predispose women to hereditary breast and ovarian cancers, which account for 3--5% of all breast cancers, and a greater proportion of ovarian cancers [@b0015]. Poly (ADP-ribose) polymerase (PARP) is an enzyme involved in the base excision repair (BER) pathway that regulates DNA single-strand breaks (SSB) repairment [@b0020], [@b0025]. Several studies have shown that BRCA-deficient cells, and more broadly, cells with HR deficiency (HRD), appear to be highly sensitive to PARP inhibition [@b0030], [@b0035], [@b0040], [@b0045]. Two studies [@b0050], [@b0055] have reported that treatment with PARP inhibitor alone could kill tumor cells---and especially cells with BRCA1/2 mutations---in the absence of exogenous DNA-damaging agents. Preclinical studies further confirmed that PARP inhibition can induce the accumulation of unrepaired DNA SSB, resulting in synthetic lethality in cancer cells with BRCA1 and BRCA2 mutations, supporting that PARP inhibitors are promising agents for treatment of tumors harboring BRCA1/2 mutations [@b0060].

In clinical applications, PARP inhibitors, including olaparib, rucaparib, niraparib, and talazoparib, have demonstrated sustained anti-tumor responses as single agents in patients with BRCA1- or BRCA2-mutations [@b0065], [@b0070], [@b0075], [@b0080], [@b0085]. PARP inhibitors can potentiate efficacy of genotoxic agents such as DNA alkylating agents, by disruption of BER in the DNA repair pathway [@b0090]. Thus, another direction for PARP inhibitors in clinical development is their combination with chemotherapies [@b0075]. Temozolomide (TMZ) is an oral alkylating agent that activates DNA repair. At physiological pH, TMZ is chemically converted to MTIC (5--3-(methyltriazen-1-yl)imidazole-4-carboximide) and degrades to a methyl diazonium cation that can transfer a methyl group to DNA. Methylation on O6-MeG can be repaired by DNA-repair protein O6 methylguanine-DNA methyltransferase (MGMT) without cytotoxicity. However, when MGMT is inactivated or cannot completely repair O6-MeG, cytotoxicity is induced: TMZ triggers apoptosis [@b0095], [@b0100], [@b0105]. One well-defined mechanism of TMZ resistance is through the PARP-dependent BER pathway [@b0110], [@b0115]. It is therefore conceivable that PARP inhibitors may potentiate the efficacy of TMZ, especially in a TMZ-resistant background. Previous studies have demonstrated sufficient brain penetration as a prerequisite for the efficacy of PARP inhibitors in glioma tumors or other tumors with brain metastasis [@b0120]. Unfortunately, P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP), which function as efflux pumps at the blood brain barrier (BBB), are known to limit brain penetration of multiple PARP inhibitors, thereby hindering the anti-tumor efficacy of earlier generations of PARP inhibitors like olaparib, rucaparib, talazoparib, and veliparib [@b0125], [@b0130].

In this study, we report the discovery of a novel PARP1/2 inhibitor pamiparib with good selectivity and PK profile. The anti-tumor efficacy of pamiparib alone or combined with TMZ in several primary or resistant tumor models were evaluated. Pamiparib is a not a substrate of P-gp or BCRP. With its high penetration across the BBB, pamiparib exerted strong synergy with TMZ in intracranial tumor models, including a TMZ-resistant model. Collectively, our results strongly support the clinical development of parmiparib as a combination regimen with TMZ to treat patients with brain tumors, especially those that are resistant to TMZ alone.

Materials and methods {#s0010}
=====================

Enzyme inhibitory assay {#s0015}
-----------------------

Pamiparib was tested for PARP1, PARP2, PARP3, TNKS1 and TNKS2 inhibition using commercial PARP or TNKS Chemiluminescent Assay Kits (BPS Bioscience Inc.), and following the manufacturer's instructions. Briefly, histones were immobilized on the surface of high binding plates and then incubated with serial dilutions of compounds and the targeted PARP enzyme for 0.5 hr. Biotinylated NAD and activating DNA were added to initiate the reactions. After 1 h at room temperature, the reactions were terminated by removing reaction mixtures from the wells. The biotinylated PARylation products on immobilized histones were quantified by linking to streptavidin-HRP and measured using a chemiluminescent HRP reaction. Chemiluminescence was measured on a PHERAstar FS plate reader or a FLUOstar OMEGA (BMG LABTECH). The IC~50~ values were calculated based on inhibition of enzyme activity in the presence of increasing concentrations of compounds. IC~50~s of pamiparib for PARP6, PARP7, PARP8, PARP10, PARP11 and PARP12 were tested by BPS Bioscience Inc.

DNA trapping activity {#s0020}
---------------------

Pamiparib was tested for DNA trapping activity using a fluorescence polarization (FP) method [@b0040]. PARP1 enzyme and serial dilutions of compounds were added to the 384 well plate. DNA labeled with 5′-Alexa Fluor 488 containing a nick and a 5′-dRP at the nicked site was added and incubated for 0.5 h at room temperature. NAD was added to the wells to initiate the PARylation reactions. PARylation reduced the FP signal by freeing the DNA from PARP1. After a 1 h reaction at room temperature, FP values were measured on a PHERAstar FS plate reader (BMG LABTECH). The EC50 values were calculated based on inhibition of FP signal changes as a function of increasing concentrations of compounds.

Cell lines and cell culture {#s0025}
---------------------------

A panel of breast, ovarian, colon, lung, and pancreatic cancers and medulloblastoma cell lines were used in this study. All cancer cell lines were maintained in Dulbecco's modified Eagle medium (DMEM, Gibco); Iscove\'s modified Dulbecco\'s medium (IMDM); McCoy's 5A; or RPMI-1640 supplemented with 10% FBS (Thermo Scientific), 100 units/ml penicillin, and 0.1 mg/ml streptomycin; the unspecified cell culture reagents were obtained from Life Technologies. Cell lines were kept at 37 °C in a humidified atmosphere of 5% CO~2~ in air. Cell lines were revived from frozen stocks that were laid down within three passages from the original cells purchased.

Inhibition of H~2~0~2~-induced PAR synthesis in HeLa and glioma cells {#s0030}
---------------------------------------------------------------------

Tumor cells were seeded into a 96-well plate with a clear bottom and black wall at an initial concentration of 5000 cells/well in culture medium (100 μL DMEM containing 10% FBS, 0.1 mg/mL penicillin--streptomycin). After 4 h compounds were added into the cell culture with eight serial dilutions over a 0.02--200 nM final concentration range in 0.1% DMSO/culture medium. Eighteen hours of compound treatment was followed by induction of DNA damage with 200 μM of H~2~O~2~ solution at 37 °C for 5 min. The cells were further fixed with 100 μL/well of ice-cold methanol at −20 °C for 20 min. After fixation and a brief wash, the cells were stained in detection buffer (50 μL/well, containing PBS, Tween (0.1%), and BSA (1 mg/mL)) containing the primary PAR mAb (Alexis ALX-804-220, 1:2000), the secondary anti-mouse Alexa Fluor 488 antibody (Molecular Probes A11029, 1:2000), and nuclear dye DAPI (Molecular Probes D3571, 150 nM) at 4 °C overnight in the dark. The signals of Alexa 488-stained PAR polymer and the signals of DAPI-stained nuclei were captured on an ArrayScan VTI (ThermoFisher). The mean of total intensity of cells was calculated by measuring the average of total intensity of nuclei over the total number of DAPI-labeled nuclei. The IC~50~ was determined based on the residual enzyme activity in the presence of increasing amounts of PARP inhibitors.

Cell proliferation inhibitory test {#s0035}
----------------------------------

The growth-inhibitory activity of compounds in a panel of breast, ovarian, colon, and lung cancer cell lines were determined using a CellTiter-Glo luminescent cell viability assay (Promega). The number of cells seeded per well of a 96-well plate was optimized for each cell line to ensure logarithmic growth over the 7-day treatment period. Cells were left to attach for 16 h; cells were treated in duplicate with a 10-point dilution series. Following 7 days of exposure to the compound, a volume of CellTiter-Glo reagent equal to the volume of cell culture medium present in each well was added. The plate was then mixed on an orbital shaker for 2 min to allow cell lysis, followed by a 10-min incubation at room temperature to allow development and stabilization of luminescent signal, which corresponded to quantity of ATP and thus the quantity of metabolically active cells. Luminescent signal was measured using PHERAstar FS reader (BMG Labtech). Cell viability was expressed relative to mock treatment control.

Xenograft models {#s0040}
----------------

All animal studies were carried out in accordance with the Institutional Animal Care and Use Committee (IACUC) of BeiGene. MDA-MB-436 cells were prepared at the concentration of 2.5 × 10^7^ cells/mL in 1:1 PBS and Matrigel (BD). Cell suspension (0.2 ml) was implanted subcutaneously on the right front flank of 6--8 weeks old female BALB/c nude mice (Beijing HFK Bioscience Co., Ltd). When average tumor size reached ∼130 mm^3^, mice were assigned to six groups with nine mice per group using a stratified randomization procedure. Mice were orally administrated twice daily (BID) with vehicle (0.5% methylcellulose (MC)), 1.6, 3.1, 6.3 mg/kg pamiparib, or 25, 50 mg/kg olaparib for 28 days, respectively.

Small cell lung cancer cell line H209 and its TMZ resistant cell line H209-TR were used to evaluate combined TMZ and pamiparib efficacy. H209-TR (TMZ-resistant) cells were generated from H209 tumors by treating with multiple cycles of TMZ *in vivo*. For H209 and H209TR xenograft establishment, cells were prepared at the concentration of 2 × 10^5^ cells/mL in PBS and 0.2 ml of cell suspension was implanted subcutaneously in the right flank of 6--8 weeks old female BALB/c nude mice. When average tumor size reached ∼200 mm^3^, mice were assigned to four groups with seven mice per group using a stratified randomization procedure. Mice were treated twice daily (BID) with vehicle (0.5% methylcellulose (MC)), 3 mg/kg pamiparib for 28 days, or 50 mg/kg TMZ once per day and combination of these two agents for the first 5 days in a three-week cycle; a total of three cycles of TMZ were given during the whole treatment schedule, or in combination with pamiparib.

Mice with established intracranial H209 xenografts were used to investigate the combined activity of pamiparib and TMZ on tumors grown in the brain. BALB/c nude mice were anesthetized with an intraperitoneal injection of Avertin (300 mg/kg, working concentration 2.5%). The surgical site was shaved and prepared with iodine and 70% ethyl alcohol. A midline incision was made, followed by injection of 3 × 10^5^ H209 or H209TR cells in 2 µL PBS into the right brain. Three days after inoculation, animals were randomized into four groups with 16 animals in each group. Mice were treated twice daily (BID) with vehicle (0.5% methylcellulose (MC)), 3 mg/kg pamiparib for 28 days, 50 mg/kg TMZ once per day for 5 days, or a combination of pamiparib and TMZ. Mice body weights were measured twice a week, and mice were sacrificed once they lost over 20% of their body weight.

Pharmacokinetics (PK) and pharmacodynamics (PD) study {#s0045}
-----------------------------------------------------

MDA-MB-436 xenograft was used for mice PK and PD study. When the average tumor size reached 200--600 mm^3^, animals were assigned to 14 groups with four mice per group using a stratified randomization procedure. Seven groups of mice were treated with 5.45 mg/kg of pamiparib and animals were euthanized at 0.5, 1, 2, 4, 8, 12 and 24 h after dosing. The other seven groups of mice were treated with vehicle (0.5% methylcellulose (MC)) alone, 0.17, 0.34, 0.68, 1.36, 2.73, 5.45 or 10.90 mg/kg of pamiparib. Animals were euthanized 4 h after dosing. All doses were based on free base weight. At the indicated time points, mice were euthanized using carbon dioxide; plasma and tumor samples were collected and stored at −80 °C freezer for further PK/PD analysis. A similar PD study was also conducted in MDA-MB-436 xenografts, for pamiparib PD effect compared with olaparib. Briefly, six groups with eight mice per group were included. Each group of mice was treated with 0.15, 0.5 and 1.5 mg/kg pamiparib or 2.5, 7.5 and 25 mg/kg olaparib, and the mice were euthanized at 0.5 and 12 h after dosing.

The bioanalysis of pamiparib in mouse plasma and tumor samples was analyzed at 3D BioOptima Co., Ltd. (Suzhou, China). After protein precipitation with acetonitrile containing an internal standard and centrifugation at 14,000 rpm for 8 min, pamiparib levels in plasma and tumor tissues were determined by LC-MS/MS (Applied Biosystems, API 4000-Qtrap). The dosing solutions used for the last dose were analyzed to determine the actual dose administered.

The PD activity of pamiparib was examined by determining PAR concentrations in tumor homogenates with an HT PARP *in vivo* pharmacodynamic assay II (Trevigen, Cat\# 4520-096-K). Two µg of protein lysates were added to measure PAR level following the kit's instructions. PAR levels are expressed in terms of pg/ml per 100 µg/ml xenograft extract.

The rat and dog PK studies were analyzed at 3D BioOptima Co., Ltd. (Suzhou, China). After protein precipitation with acetonitrile containing an internal standard and centrifugation at 14,000 rpm for 8 min, pamiparib levels in plasma and tumor tissues were determined by LC--MS/MS (Applied Biosystems, API 4000-Qtrap). The dosing solutions used were analyzed to determine the actual dose administered.

Brain penetration study {#s0050}
-----------------------

Central nervous system tissue distribution of pamiparib was determined by WuXi AppTec (Cranbury, NJ, USA). Quantitative whole-body autoradiography (QWBA) was used to determine the tissue distribution following a single oral gavage (PO) administration of 5 mg/kg (100 μCi/kg) of \[^14^C\] pamiparib to male Long-Evans or Sprague-Dawley rats. The brain penetration of pamiparib in male C57 mice and rats were evaluated after a single administration of pamiparib (PO 10 mg/kg in mice or IV 1 mg/kg in rat). Three groups of animals were euthanized at indicated time points (1 h, 2 h, and 4 h for mice or 0.083 h, 1 h and 2 h for rats) after dosing. Blood was collected via cardiac puncture, brain was collected, washed with ice-cold saline and homogenized in ice cold PBS or 20% methanol in water. The concentrations of pamiparib in plasma and brain were determined by LC--MS/MS. Based on brain protein binding and plasma protein binding data (data not shown), the brain to plasma unbound partition coefficient (Kpuu) was determined to measure the potency of a compound penetration in brain as follows:$$\text{Kpuu} = \text{free}\,\text{drug}\,\text{concentration}\,\text{in}\,\text{brain/free}\,\text{drug}\,\text{concentration}\,\text{in}\,\text{plasma}$$

Statistical analysis {#s0055}
--------------------

All data are presented as mean ± standard error of the mean (SEM) from three independent repeated experiments. The differences between the mean values of data for comparing groups were analyzed for significance using the one-way ANOVA by GraphPad Prism; *P* ≤ 0.05 was considered statistically significant.

Results {#s0060}
=======

Pamiparib inhibits PARP enzyme activity and cellular PARylation {#s0065}
---------------------------------------------------------------

The chemical structure of pamiparib is shown in [Fig. 1](#f0005){ref-type="fig"}A. Pamiparib is a potent PARP1/2 inhibitor, for which it has respective IC~50~ values of 1.3 or 0.92 nM. Pamiparib was also tested against PARP3, tankyrase1/2, and other PARP isoforms ([Fig. 1](#f0005){ref-type="fig"}B), and found to be less active or inactive, with IC~50~ values more than 50∼100-fold higher. These data indicate that pamiparib is a potent and selective PARP1/2 inhibitor. In light of the hypothesis that trapping PARP1/2 on damaged DNA mechanistically contributes to the cytotoxicity of PARP inhibitors, we measured the capacity for pamiparib to trap PARP1--DNA complexes. We found that pamiparib showed strong DNA-trapping activity, with an EC~50~ of 13 nM. Cellular assays confirmed that pamiparib can inhibit intracellular PARP activity in H~2~O~2~-treated HeLa cells in a dose-dependent manner, with an IC~50~ of 0.24 nM ([Fig. 1](#f0005){ref-type="fig"}C).Fig. 1The structural of Pamiparib and its activity. (A) The chemical structure of pamiparib. (B) The inhibitory effect of pamiparib on PARP enzymes. (C) The efficacy of pamiparib against intracellular PAR levels in HeLa cells. HeLa cells were incubated with the indicated concentrations of pamiparib for 18 hrs, and then cells were exposed to hydrogen peroxide (H~2~O~2~) to induce PAR synthesis. PAR levels without H~2~O~2~ induction were set as 100%.

Pamiparib specifically inhibits the proliferation of cancer cells with HR-deficiency or BRCA mutations {#s0070}
------------------------------------------------------------------------------------------------------

To investigate the activity and selectivity of pamiparib, we next evaluated the anti-proliferation activity of pamiparib in different cancer cell lines. Tumor cell lines that were either BRCA1-deficient (MDA-MB-436 and UWB1.289) or BRCA2-deficient (Capan-1) were highly sensitive to pamiparib, while BRCA wild-type cell line (MDA-MB-231) was resistant to pamiparib ([Fig. 2](#f0010){ref-type="fig"}A). PTEN mutation/loss has been shown previously to cause a deficiency in HR pathways and induce sensitivity to PARP1/2 inhibitors [@b0135], and we found that pamiparib was approximately 13-fold more potent in inhibiting PTEN deficient (MEF/PTEN −/−) cells than sufficient (MEF/PTEN+/−) ones. The antiproliferation activities of pamiparib and olaparib were then evaluated head-to-head using several tumor cell lines ([Supplementary Table 1](#s0110){ref-type="sec"}). Similar to olaparib, pamiparib potently and selectively inhibited cell lines with known HRD such as MDA-MB-436, HCC1395, UWB1.289, and HCT116/ATR(-/flox); in contrast, pamiparib did not effectively inhibit other cancer cells that demonstrated HRD ([Fig. 2](#f0010){ref-type="fig"}A and [Supplementary Table 1](#s0110){ref-type="sec"}). These observations were consistent with the mechanism of action reported for other known PARP inhibitors [@b0050], [@b0055]. Taken together, these results indicate that pamiparib functions as a potent anti-tumor agent with strong selectivity for tumors that harbor HRD and BRCA mutations.Fig. 2Pamiparib shows specific growth inhibitory effects in HR deficient and BRAC mutant cell lines. (A) The anti-proliferative activity of pamiparib in several tumor cell lines. IC~50~ values indicate that pamiparib potently inhibited the tumor cells with HR-deficiency or BRAC mutants. For all experiments, viability was derived after 7 days of continuous treatment with pamiparib.

PK and PD studies reveal high bioavailability and sustained activity of pamiparib in animal models {#s0075}
--------------------------------------------------------------------------------------------------

To further characterize the pharmacokinetic (PK) properties of pamiparib, its exposure was evaluated in healthy mice, rat, and dog at 10, 5, 2 mg/kg p.o. or 1, 2, 1 mg/kg *i.v.* doses, respectively ([Table 1](#t0005){ref-type="table"}). Based on dose titration or time-dependent pharmacodynamic (PD) studies, as well as efficacy studies ([Fig. 3](#f0015){ref-type="fig"}), a simple PK/PD model was established to help understand the relationship between pamiparib dose and efficacy. The model indicated that only doses higher than 5.45 mg/mL can induce ≥80% PAR inhibition ([Fig. 3](#f0015){ref-type="fig"}C); at this dosage, the intra-tumor concentration is around 0.8 μmol/kg. Based on this finding, we conducted a time-dependent PD assessment after a single dose of 5.45 mg/mL ([Fig. 3](#f0015){ref-type="fig"}D). At 5.45 mg/mL, pamiparib induced rapid and potent inhibition of PARylation. This inhibition was 98% at 0.5 h post treatment and remained high (≥80%) through the first 12 h; however, the PARylation inhibition dropped to 53% at 24 h after treatment. These data were well-correlated with the changes in pamiparib concentrations that are detected in tumor sites and in plasma ([Fig. 3](#f0015){ref-type="fig"}D). The intra-tumor concentration of pamiparib remained at high level (\>0.5 μmol/kg) in the first 12 h, and dropped gradually afterwards to its minimum at 24 h. Together, these results suggest that an intra-tumor concentration of \>0.5 μmol/kg is needed to achieve at least 80% PARylation inhibition by pamiparib, and a two-dose-a-day regimen (BID dosing) will be suitable for efficacy studies to maintain sufficient PD effects in mice.Table 1PK parameters of Pamiparib.Species*T*~1/2~ (h)AUC ~0-inf~/Dose\
(ng.h/mL per mg/kg)Clearance\
(mL/kg/min)Vdss\
(L/kg)*F*\
(%)Mouse3.2 ± 0.5552 ± 19429.9 ± 2.45.7 ± 0.599 ± 35Rat5.5 ± 0.8694 ± 12422.7 ± 2.86.9 ± 0.794 ± 17Dog3.6 ± 1.9800 ± 9515.2 ± 1.02.1 ± 0.273 ± 4.0Fig. 3*In vivo* efficacy, PK and PD of pamiparib in a human MDA-MB-436 breast cancer xenograft model. (A) *In vivo* efficacy of pamiparib and olaparib was head-to-head compared in a human MDA-MB-436 breast cancer xenograft model. Doses ranging from 1.6 mg/kg to 12.5 mg/kg of pamiparib and 25 mg/kg, 50 mg/kg olaparib (oral, BID for 28 days) were tested in this model. Pamiparib induced tumor regression on day 29 and resulted in 100% objective responses (PR plus CR). At day 89, two months after treatment was terminated, tumor relapse was observed only in the lowest dose group (1.6 mg/kg); (B) all treatments had no effect on mouse body weight. (C) Dose-dependence of tumor PARylation inhibition and pamiparib plasma/tumor concentrations in the same model. Pamiparib induced a dose-dependent inhibition of PAR levels by 4 h after single oral administration of 0.17--10.9 mg/kg, which was correlated well with its PK in tumors; (D) time-dependence of PAR inhibition in tumors and its correlation with plasma/tumor PK. A single dose of 5.45 mg/kg pamiparib induced a rapid and potent decrease in PAR levels. The PARylation inhibition was 98% at 0.5 h and remained high (≥80%) throughout the first 12 h; at 24 h post treatment, the inhibition remained at 53%. (E) The PARylation inhibited by pamiparib and olaparib were compared head-to-head. Compared to olaparib, pamiparib induced a more sustained PAR inhibition.

Pamiparib is more potent than olaparib in the HR-deficiency xenograft model *in vivo* {#s0080}
-------------------------------------------------------------------------------------

To further evaluate the *in vivo* efficacy, a BRCA1 mutant MDA-MB-436 xenograft breast cancer model was established and tested with pamiparib, doses ranging from 1.6 mg/kg to 6.3 mg/kg (oral, BID for 28 days). Pamiparib induced tumor regression on day 29 and resulted in 100% objective responses ([Fig. 3](#f0015){ref-type="fig"}A). At day 89, two months after the treatment was terminated, tumor relapse was observed in the mice treated with olaparib 25 mg/kg BID and pamiparib at the lowest dose (1.6 mg/kg). No body weight loss was observed during the treatment ([Fig. 3](#f0015){ref-type="fig"}B).

Then, the PD effect of pamiparib was evaluated *in vivo* by directly measurement of PAR level in tumor site. MDA-MB-436 xenograft mice were treated once orally with the vehicle or pamiparib, at a dose ranging from 0.17 to 10.9 mg/kg. The concentration of pamiparib in serum or at the tumor site increased proportionally with dose and positively correlated with the extent of PAR inhibition in tumors ([Fig. 3](#f0015){ref-type="fig"}C). Moreover, a single dose of 5.45 mg/kg led to rapid and pronounced decrease in PAR levels in a time-dependent manner ([Fig. 3](#f0015){ref-type="fig"}D): the PARylation inhibition was 98% at 0.5 h after treatment, remained high (\>80%) throughout the first 12 h, and then dropped to 53% at 24 h post treatment.

Next the PD and efficacies of pamiparib and olaparib was compared head-to-head in the same model. A single dose of pamiparib at 1.5 mg/kg induced 89% PARylation inhibition at 0.5 h post treatment which remained at ∼81% throughout the first 12 h. Meanwhile a single dose of olaparib at 25 mg/kg induced ∼100% PARylation inhibition but dropped to 72% by 12 h post treatment. These data suggest that compared to olaparib, the induction of PAR inhibition by pamiparib lasts longer at tumor sites ([Fig. 3](#f0015){ref-type="fig"}E). In comparisons of efficacy, pamiparib induced tumor regression on day 29, resulting in 100% objective responses at the lowest dose (1.6 mg/kg). In contrast, olaparib induced tumor regression at both doses tested (25 and 50 mg/kg, BID), but only achieved 100% objective responses in the high-dose group. Tumor progression was monitored for two additional months after cessation of dosing. On Day 89, tumor relapse of the tumor was apparent in the low-dose groups, with olaparib at 25 mg/kg BID being the least effective, followed by pamiparib at 1.6 mg/kg BID ([Fig. 3](#f0015){ref-type="fig"}A). These results suggest that pamiparib exhibits approximately 16-fold higher efficacy than olaparib in this model, likely due to higher drug exposure in body.

Pamiparib potentiates the anti-proliferation effects of TMZ in glioblastoma multiforme (GBM) and small cell lung cancer (SCLC) cells. {#s0085}
-------------------------------------------------------------------------------------------------------------------------------------

TMZ, a DNA alkylating agent, is currently used for treating several malignancies, including GBM and SCLC with brain metastasis [@b0140], [@b0145]. PARP inhibitors have been reported to potentiate TMZ by disrupting BER in the DNA repair pathway. To determine if pamiparib also potentiates the effect of TMZ, we explored the combined effects of pamiparib and TMZ in 8 GBM and 7 SCLC cell lines. The anti-proliferative synergy was assessed by the Excess over Bliss (EOB), which determines whether the combined effect of the two compounds is significantly greater or smaller than the naïve (independent) combination of their individual effects; an EOB ≥10 typically indicates synergy [@b0150]. Pamiparib demonstrated synergism with TMZ in 7 GBM and 4 SCLC cell lines, with an average EOB value of 24.8 and 17.9, respectively ([Table 2](#t0010){ref-type="table"}). The maximum EC~50~ of TMZ when combined with pamiparib was more than 5-fold higher than that of TMZ alone in all cell lines, with a \>33-fold shift in the most strongly affected cell line. Cellular assays further confirmed that pamiparib can inhibit intracellular PARP activity in H~2~O~2~-treated glioma cells SF-295 and GL261 in a dose-dependent manner, with IC~50~s of 0.17 and 0.25 nM ([Supplementary Fig. 3](#s0110){ref-type="sec"}), respectively. The combination effect of pamiparib with TMZ has also been tested in additional 11 gastric cancer cell lines and 18 colorectal cancer (CRC) cell lines. Mild synergism effect was also observed in both cancer types, with an average EC50s shift of TMZ of 4-fold decrease in CRC and 5.7-fold decrease in gastric cancer ([Supplementary Table 2](#s0110){ref-type="sec"}). These results clearly suggest a strong synergistic effect between pamiparib and TMZ. As TMZ is used for treating patients with brain cancer in clinic, we focused on GBM and SCLC models for further evaluation.Table 2Pamiparib and TMZ Combination in Glioblastoma and SCLC Cells.Cell linesEC50 of TMZ single agent (µM)% of cells with EOBAverage EOB per cellEC50 of TMZ + pamiparib @ nM (µM)Max EC~50~ shift for TMZGBM cell linesSNB-19\>30095%34.79.1 µM\@3µM\>33 fold ↓SF-295\>30080%36.910.5 µM\@3µM\>29 fold ↓T98G\>30055%26.937.0 µM\@3µM\>8 fold ↓SF-5398080%19.910.2 µM\@3µM8 fold ↓U-118MG\>30070%24.042.0 µM\@3µM\>7 fold ↓U2513280%20.75.1 µM\@3µM6 fold ↓LN-229\>30045%10.655.2 µM\@1µM\>5 fold ↓U87-MG\>30050%10.7N.A.N.A.  SCLC cell linesNCI-H222757675%22.919.2 µM\@3µM30 fold ↓DMS1536035%25.72.3 µM\@3µM26 fold ↓NCI-H104815355%18.66.3 µM\@1µM24 fold ↓NCI-H2096320%4.613.8 µM\@1µM5 fold ↓NCI-H1436\>30015%∼1.0N.A.N.A.NCI-H228618225%5.6N.A.N.A.NCI-H69150∼13.8N.A.N.A.

Next, to examine whether pamiparib can sensitize the TMZ-resistant cells, their combined activity was tested in a pair of H209 SCLC cell lines: naïve and TMZ-resistant H209 (H209-TR) cells. The H209-TR line was generated from H209 tumors by treatment with multiple cycles of TMZ *in vivo* and showed 3-fold greater resistance to TMZ than did the naïve cell lines. Pamiparib was able to potentiate the effect of TMZ in both naïve and H209-TR cells *in vitro* ([Fig. 4](#f0020){ref-type="fig"}A and 4B).Fig. 4Pamiparib potentiates temozolomide in both naive and TMZ-resistant H209 cells and in a xenograft mouse model. (A and B) IC~50~ curves in H209 and H209 TMZ resistance (H209-TR) cell lines. H209-TR cell lines were generated from H209 tumors by treatment with multiple cycles of TMZ *in vivo.* The derived H209-TR cells remained sensitive to the combination of pamiparib and TMZ *in vitro*. (C) The combined activity of pamiparib and TMZ in the H209 SCLC xenograft model. TMZ as a single agent was quite effective in this H209 model. One cycle of treatment resulted in all animals becoming tumor-free. However, resistance occurred quickly during the second cycle. Pamiparib and TMZ together significantly prevented resistance, and tumors remained sensitive to the drug combination after three cycles of 5-day treatment. (D) Synergistic activity of pamiparib and TMZ in the H209-TR xenograft model. TMZ single treatment was not effective in this model. In contrast, pamiparib and TMZ combination treatment was efficacious during two cycles of treatment.

This observation was further confirmed in subcutaneous xenograft mouse models generated from naïve and H209-TR cells. TMZ was effective at the beginning of the treatment in the naïve H209 xenograft model: one cycle of the TMZ treatment resulted in all tumor-free animals. However, resistance to TMZ developed quickly during the second cycle of the treatment. Combination of pamiparib with TMZ significantly reduced tumor recurrence, and tumors remained sensitive to the treatment after two cycles ([Fig. 4](#f0020){ref-type="fig"}C). However, in the H209-TR tumor models, TMZ single treatment showed no effect, while the combined pamiparib and TMZ treatment retained high efficacy for two treatment cycles ([Fig. 4](#f0020){ref-type="fig"}D). Taken together, these results establish that pamiparib exerts strong anti-tumor synergism with TMZ in both TMZ-sensitive and TMZ-resistant tumors.

Pamiparib exhibits strong brain penetration capacity and exerts anti-tumor synergism with TMZ in an SCLC intracranial model {#s0090}
---------------------------------------------------------------------------------------------------------------------------

Given that approximately 50% of SCLC patients have brain metastasis at the time of post mortem examination [@b0155], and considering that TMZ is a frequent choice for treating such metastatic brain tumors in the clinic [@b0160], the capability for pamiparib to penetrate the brain in mouse and rat models was further evaluated. First, a tissue distribution profile of pamiparib was determined in rats at 0.25, 1, 4, 8 and 24 h after a single oral administration at 5 mg/kg ([Supplementary Table 3](#s0110){ref-type="sec"}). At 24 h post treatment, the drug concentration in the brain was still high, at approximately 20% of the detected plasma level for the same time point, suggesting that pamiparib can successfully penetrate the BBB ([Fig. 1](#f0005){ref-type="fig"} and [Supplementary Table 3](#s0110){ref-type="sec"}). This brain penetration capability was further confirmed in rats after a single I.V. dose of 1 mg/kg, with the mean Kpuu of 15.8% indicating that pamparib had marginal brain penetration potential ([Supplementary Table 4](#s0110){ref-type="sec"}). The brain penetration of pamiparib, along with four other PARP inhibitors was evaluated in male C57 mice after a single oral administration at their respective clinically relevant doses, except for olaparib, which followed the published preclinical dose [@b0045], [@b0065], [@b0085], [@b0130], [@b0165]. The concentrations in brain and plasma were measured and their ratios were calculated at 1, 2, and 4 h ([Table 3](#t0015){ref-type="table"}). Compared with talazoparib, olaparib, and niraparib, pamiparib resulted in the highest drug exposure in the brain, with the brain/plasma ratio around 20%, and maintaining the drug exposure in brain at this high level (i.e. \>100 ng/g of drug concentration in brain, and ∼19% of the brain/plasma ratio) for 4 h post treatment. These results suggest that pamiparib, as compared to other PARP inhibitors, has particularly strong BBB penetration activity in mice.Table 3Brain Penetration of PARP inhibitors in Mice.Dose of CompoundAUC~1-4h~\
(ng/ml\*h or ng/g\*h)Plasma(ng/mL) or Brain(ng/g) Concentration1 h2 h4 hPamiparib 10 mg/kg, p.o.Plasma447035271333707Brain820613252135Brain/Plasma (%)18%17%19%19%  Talazoparib 3 mg/kg, p.o.Plasma562832762115817Brain85163426Brain/Plasma (%)2%0%2%3%  Olaparib 50 mg/kg, p.o.Plasma31603273771366Brain5645179Brain/Plasma (%)2%1%2%2%  Niraparib 50 mg/kg, p.o.Plasma20,214738570215990Brain1849428549812Brain/Plasma (%)9%6%8%14%

Next, an intracranial H209 xenograft was established as a model for SCLC brain metastasis in order to test the efficacy of the pamiparib and TMZ combination treatment. Pamiparib at 1.5 mg/kg (p.o.) showed significant penetration in this intracranial model, with a tissue/blood concentration ratio of 0.24 and 0.38 at 0.5- and 4-h post treatment, respectively ([Fig. 5](#f0025){ref-type="fig"}A). A single dose of pamiparib at 3 mg/kg (p.o.) induced complete inhibition of PARylation in brain tumors 4 h after treatment ([Fig. 5](#f0025){ref-type="fig"}B). Pamiparib monotherapy (3 mg/kg, BID, day 1--21, day 29--49) showed no significant effects in this model compared with the vehicle group (medium survival 26.5 days vs. 24 days). Pamiparib significantly potentiated TMZ (TMZ 50 mg/kg plus pamiparib 0.75 mg/kg BID, day 1--15, 15--19, 29--33), leading to prolonged survival compared to a TMZ monotherapy (median survival 88 days vs. 75 days, *p* \< 0.05) ([Fig. 5](#f0025){ref-type="fig"}C). The same treatment schedule was also tested in intracranial H209-TR xenografts. Tumors showed no response to TMZ monotherapy, with a median survival time of 24 days, compared with 22 days for the vehicle group. However, the combined pamiparib and TMZ treatment significantly prolonged survival, with a median survival of 56 days (*p* \< 0.01). Thus, pamiparib exhibits strong BBB penetration, which apparently potentiates TMZ efficacy in SCLC brain metastasis models.Fig. 5Brain penetration of pamiparib and its efficacy combined with TMZ in an intracranial H209 xenograft model. (A) Brain penetration of pamiparib in an intracranial H209 xenograft at 1.5 mg/kg p.o. (B) PD activity of pamiparib in the intracranial model, PARylation in brain/tumor was completely inhibited at 4 h after a single dose of 3 mpk p.o. (C and D) The synergistic activity of pamiparib and TMZ in H209 and H209-TR intracranial xenograft. TMZ and the combination treatment of TMZ and pamiparib showed no significant difference in survival in the H209 naïve model. However, the combination treatment of TMZ and pamiparib dramatically prolonged the survival of the H209-TR models. The survival time was defined as the time from the day of tumor cell inoculation to one day before animal death or euthanization. Kaplan--Meier curves were generated using mouse survival duration in days.

Besides this, the combo effect of TMZ and pamiparib was also evaluated in GL261 syngeneic intracranial glioma models. Single agent of pamiparib at 9 mpk has no efficacy at all with the median survival of 21 days versus 22 days in the vehicle-treated group. However, TMZ in combination with parimarib resulted in significantly extended survival comparing with TMZ alone ([Supplementary Fig. 4](#s0110){ref-type="sec"}). These data strongly support that TMZ and pamiparib exert excellent efficacy in brain tumors, both primary and metastasis settings.

Discussion {#s0095}
==========

In this report, we presented evidence showing that pamiparib, a selective PARP1/2 inhibitor, has potent DNA-trapping and anti-proliferation activity against several human cancer cell lines harboring BRCA1/2 mutations or HRD. Oral administration of pamiparib demonstrated high bioavailability in mice and other species tested ([Table 1](#t0005){ref-type="table"}). In MDA-MB-436 breast cancer xenografts in mice, oral administration of pamiparib resulted in time- and dose-dependent inhibition of PARylation, and exhibited high efficacy for inducing significant, dose-dependent decreases in tumor size. Furthermore, pamiparib also showed strong synergism with TMZ both *in vitro* and *in vivo*. Pamiparib effectively potentiated TMZ in brain tumors, both GBM and SCLC intracranial xenografts, likely owing to its capacity to penetrate the BBB. In summary, these data demonstrate that pamiparib has strong anti-tumor activity, both as a single agent or in combination with TMZ, in multiple tumor models.

PARP inhibitors, such as olaparib, have been demonstrated to have monotherapy activity against tumor cells harboring BRCA1 or BRCA2 mutations, exerting effects via synthetic lethality interactions [@b0030], [@b0035], [@b0040]. Tumor cells with a compromised HR pathway are known to be susceptible to becoming highly dependent upon PARP activity for maintaining the genomic integrity and survival, even in the cells without BRCA1/2 mutations [@b0170]. Similar to other PARP inhibitors, pamiparib was found to show strong inhibitory activities with a selectivity to the BRCA1/2 mutation or HRD cancer cells. Specifically, head-to-head comparisons with olaparib revealed comparable antiproliferative activity---with a similar mechanism of action---against multiple tumor cell lines with known HRD, including MDA-MB-436, HCC1395, UWB1.289, and HCT116/ATR(-/flox). Such pamiparib-induced tumor cell inhibition was not observed in cell lines lacking HRD.

In addition to inhibition of PARylation, DNA trapping by the PARP inhibitor complex is another major mechanism through which PARP inhibitors induce cytotoxicity in tumor cells. PARP detects and localizes to DNA SSB to facilitate its repair, which then potentiates the recruitment of DNA SSB repair proteins to the chromatin and promotes the dissociation of PARP itself from the DNA [@b0175]. PARP inhibition therefore traps PARP on the DNA at the sites of unrepaired SSBs, resulting in the generation of DNA double-strand breaks in S-phase which further requires a functional HR pathway for successful repair [@b0180], [@b0185]. Pamiparib was demonstrated potent DNA-trapping activity (with an EC~50~ of 13 nM) at a level comparable to olaparib but was 30-fold more potent than veliparib, in the biochemical assays.

Besides *in vitro* potency, pamiparib showed greater potency than olaparib *in vivo*. Based on dose titration or time-dependent PD studies, as well as efficacy studies ([Fig. 3](#f0015){ref-type="fig"}), a simple PK/PD model was established to understand the relationship between pamiparib dose concentrations and efficacy. The model suggested that an intra-tumor concentration of \>0.5 μmol/kg is required to achieve at least 80% PARylation inhibition by pamiparib, and BID dosing is required to sustain the PD effect in mice. Further, our head-to-head PD and efficacy comparison studies showed that pamiparib induced a more sustained PAR inhibition compared with olaparib. Thus, pamiparib exhibits approximately 16-fold higher efficacy than olaparib in this model, likely due to higher drug exposure in plasma or at tumor sites.

TMZ is a DNA alkylating agent which is used for treating several malignancies, including GBM and SCLC with brain metastasis [@b0090], [@b0190]. TMZ-mediated DNA damage is repaired by the BER pathway, for which PARP enzymes are required [@b0105]. Therefore, PARP inhibition may enhance TMZ cytotoxicity by preventing BER pathway-mediated repair of base lesions [@b0110], [@b0115]. We demonstrated that pamiparib can enhance the anti-tumor effect of TMZ in both primary and metastatic brain tumors. Besides this, pamiparib can reverse TMZ-resistant SCLC H209 xenografts' response to TMZ with stronger and extended efficacy. Our study establishes that pamiparib and TMZ together exhibit strong synergistic effects *in vivo* and *in vitro*, with both TMZ naïve and resistant cell lines ([Fig. 4](#f0020){ref-type="fig"}). Interestingly, a significant brain penetration by pamiparib was observed both in rat and mice, supporting its strong utility as a combination agent with TMZ for treatment of brain tumors or tumors with brain metastasis.

The BBB is the main hurdle for xenobiotics to exert CNS effects. In addition to brain cell tight junctions, efflux transporters such as P-gp and BCRP highly expressed at the luminal membrane of endothelial cells transport a diverse range of lipid-soluble compounds out of the brain's capillary endothelium, thereby limiting the ability of such substances to accumulate in brain parenchyma [@b0195]. A rational design strategy for CNS compounds would therefore prefer a non-P-gp and BCRP substrate profile. Indeed, pamiparib is not a substrate of P-gp or BCRP ([Supplementary Table 5](#s0110){ref-type="sec"}). In contrast, several studies have revealed that previous generation PARP inhibitors like olaparib, rucaparib, talazoparib, and veliparib have significant MDR1 or P-gp efflux liability, which may restrict their delivery across the BBB [@b0125], [@b0130]. Furthermore, the combination of pamiparib and TMZ significantly prolonged animal survival compared to TMZ as a single agent in TMZ-resistant SCLC intracranial xenograft models.

Given our observation of strong BBB penetration and strong synergistic activity, further clinical development of combined treatments comprising pamiparib alongside TMZ in patients with brain malignancies, especially those who develop TMZ resistance, are also warranted. Pamiparib can serve as an excellent candidate for clinical trials. In fact, preliminary clinical data has already demonstrated the safety and efficacy of pamiparib in patients with BRCA or HRD [@b0200], and clinical development of a combination therapy of pamiparib together with TMZ is currently underway \[NCT03150862\].

Beyond olaparib's poor BBB penetration, another clinical limitation is that the action of P-gp and BCRP drastically reduces olaparib's efficacy by causing patient resistance [@b0205], [@b0210]. Novel mechanisms of drug resistance in ovarian cancer have been identified, including genetic mutations that result in the activation of a drug efflux pump or secondary mutations in BRCA1/2 genes that restore the cancer cell's ability to repair treatment related DNA damage [@b0215]. Notably, as a non-substrate of P-gp or BCRP, pamiparib might overcome the resistance caused by over-expression of P-gp and BCRP. Thus, we hypothesize that patients with BRCA1/2 mutant high grade serous ovarian cancer or carcinosarcoma who have progressed on recent therapy and have an activated efflux pump without a secondary BRCA1/2 mutation will be particularly suitable for pamiparib. This hypothesis is currently being tested in a clinical trial \[NCT03933761\].
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